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Introduction
Powerline communications (PLC) has been widely investigated to enable high speed home applications over existing power lines [1] . Since, the electric power lines were not originally designed for wideband transmissions the received signal is severely distorted due to impulsive noise channel characteristics [2] - [5] . In PLC systems, mitigating the impulsive noise by techniques such as deliberate blanking is important for enhancing the transmission performance further. However, since multi-carrier PLC signals exhibit high peakto-average power ratio (PAPR) values [6] , which degrades the accuracy of impulsive noise detection. More accurately, in OFDM-PLC, the receiver may remove not only impulsive noise but also signal samples which exceeds the blanking threshold. As a result, BER performance is degraded due to misdetection of impulsive noise on the receiver side. To improve the transmission performance, the peak amplitude of the received signal has to be reduced below the blanking threshold. However, even if the peak amplitude of the OFDM signal is suppressed on the transmitter side, PAPR of the received signal may not be suppressed, because multipath signals are combined at the receiver side since triggering peak amplitudes may regrow at the receiver. This motivates us to consider reducing the PAPR of received signal. The target of this paper is OFDM-PLC system using deliberate blanking in presence of impulsive noise.
In this paper, we propose an enhanced selected mapping (e-SLM) technique for joint transmit/receive peak amplitude reduction for OFDM-PLC systems with impulsive noise blanking, where the transmitter selects the best transmit sequence among possible candidates so as to optimize PAPR characteristics of both transmit signal and receive signal, provided that CSI is available on the transmitter side. In the proposed e-SLM, the weighted sum of peak power of transmit signal and the estimated peak power of the received signal is used as a metric to optimize their PAPR characteristics. On the receiver side, a deliberate blanking is applied to mitigate the influence of impulsive noise, where the received values exceeding a given threshold are blanked as impulsive noise. Main features of this paper are summarized as follows * :
• Unlike conventional approaches using the blanking technique, e-SLM presented in this paper is effective in mitigating both power amplifier nonlinearity and the influence of impulsive noise.
• Since end-to-end performance of SLM highly depends on channel estimation (CE) accuracy, we present an iterative CE method for e-SLM. The estimated CSI is utilized to optimize PAPR of both transmit and received signals at the transmitter side. The proposed CE method is designed based on mean square error (MSE) criteria to estimate the efficient channel impulse response (CIR) and reduce the negative effect of noise, where an adaptive windowing technique is adopted to improve channel estimation accuracy.
• This paper discusses BER performance of OFDM-PLC system in both mathematical channel model and measured channel models to clarify the effect of e-SLM with the iterative CE.
Related Works
Impulsive noise suppression techniques such as blanking and clipping have been investigated for PLC systems in literature [8] - [15] . In particular, various performance analyses of OFDM systems with blanking based impulsive noise reduction techniques are presented such as in [8] - [12] . In these works, it is analyzed that output signal-to-noise power ratio (SNR) can be maximized by selecting the optimum impulsive noise detection threshold. However, in the above works, PAPR of OFDM signal is not taken into account. To further improve the system performance, minimization of PAPR is required.
To solve this issue, PAPR reduction techniques such as partial transmit sequence (PTS) [16] , selected mapping (SLM) [17] , [18] , and companding [19] , constant envelope OFDM (CE-OFDM) [20] , [21] are applied to OFDM-PLC system so as to mitigate nonlinear distortion due to blanking at the receiver. In, [17] , both SLM and blanking are applied to OFDM-PLC system to improve output SNR in impulsive noise channel. Work in [19] represents that a companding based technique is applied to the transmitter side in order to reduce peak power of the transmit signal and theoretical analysis of achievable performance. In [21] , CE-OFDM technique [20] is investigated to improve output SNR at the receiver with impulsive noise blanking. However, the above works focus on only the peak amplitude reduction of the transmit signal and peak amplitude regrowth at the receiver side is not taken consideration, i.e., even if peak amplitude of the transmit signal is reduced, the peak amplitude of the receive signal is not kept to a low value, because multipath signals are combined at the receiver and thus high peak amplitude regrowth occurs. Therefore, it is required to keep the peak amplitude of both transmit and received signals below a certain value. To solve this problem, it is necessary to consider PAPR reduction of the received signal passing through multi-path PLC channels in presence of impulsive noise.
E-SLM OFDM-PLC System

System Description
Figure 1(a) shows a block diagram of OFDM-PLC system considered in this paper. On the transmitter side, the data sequence is modulated with the QAM technique. After that, OFDM modulation is carried out with inverse fast Fourier transform (IFFT). In addition, the proposed e-SLM scheme is applied to minimize the peak power of both transmit and receive signals. The details of the proposed e-SLM are explained in Sect. 4. A guard interval (GI) is added to each OFDM symbol in order to avoid inter-symbol interference. The transmit signal is amplified at the power amplifier (PA). In this study, we introduce a solid-state power amplifier (SSPA) model whose input-output function is given as
, where p=4 is assumed as a typical value to examine the influence of nonlinear PA. In this model, input-back-off (IBO) is defined as the average power of the input signal (P ave ) normalized by a reference power (P sat ) that corresponds to a saturation level. IBO in dB is given as 10log 10 (P ave /P sat ), where β denotes the gain of the amplifier and we assume β = 1 in this paper for simplicity of discussions.
On the receiver side, an analog-to-digital converter (ADC) is used to digitize the analog signals, where in-phase and quadrature components of the input signal are quantized uniformly with 2 Q quantization levels, respectively. The maximum output level is denoted as V max : dynamic range of ADC is given as D R = 10 log 10 ((2V max ) 2 /P a ) in dB, where P a denotes the average power of the signal. After A/D conversion and GI removal, the blanking is applied to mitigate the influence of impulsive noise. Finally, the received signal is demodulated with an FFT to detect the data.
Channel Model
Analytical Model
Figure 2(a) shows the two-branch PLC channel topology used in this paper. We assume that the reflection between E and F is negligible so that the total transfer function of two branch channel model is approximated as two independent T-topology networks [22] - [24] . In Fig. 2 (a), the transmitter and the receiver are located on node A and B, respectively. For simplicity of discussion, we also assume that node C and node D are left open and impedance matching between A and B is attained. Based on these assumptions, two-branch channel topology in Fig. 2 (a) can be treated as cascaded two independent T-topology channel. The maximum number of reflections at C and D is limited to N r . Figure 2 (b) shows single T-topology channel, where N r =2 is assumed. As shown in this figure, in each T-topology channel, since direct path and N r reflected paths appear, the total number of paths is N r +1. Thus, when x independent T-topology channels are cascaded, the total number of paths is given as (N r + 1) x . In this paper, we consider two-cascaded channel (x=2) and assume N r =1 (i.e., the total number of path is 4). The reflections at each branch end construct a multipath channel, where the frequency-transfer function is given as
where d i and g i denote the length and the attenuation coefficient of the i-th path [23] , respectively. γ( f ) represents the propagation coefficient of the channel defined as
where R, L, G and C denote resistance, inductance, conductance and capacitance of the transmission line, respectively. In this paper, the above parameters for unit length (1 meter) metal cable (copper cable) are given as R = 1.15ρ
Here, electrical resistance ρ, skin depth δ, radius of copper line r 0 are respectively given as r 0 = 0.511 × 10 (3/2) , δ = 2ρ/(4πω × 10 −7 ), ρ = 1.72 × 10 −8 and ω = 2π f , where f denotes frequency † . Figure 3 illustrates channel frequency measurements under impulsive noise environment in two different time instances. To measure these power line characteristics, we constructed an indoor PLC network using three modems to measure power line characteristics. One laptop PC is connected to one of the modems to measure data. Channel measurement results in Fig. 3 are obtained by two different time instances, where solid line and dotted line are referred as "Measured channel I" and "Measured channel II", respectively. We assume that phase characteristic of the channel is ideal, i.e., the frequency response is given as,
Measured Channel
where |H m ( f )| represents the measured frequency gain of PLC channel. † Parameters in γ( f ) are experimentally obtained. 
Impulsive Noise Model
Middleton's Class-A impulsive noise model [25] - [26] is used. Class-A noise amplitude is expressed as
where n W (t) and n I (t) denote AWGN and impulsive noise, respectively. In this model, probability of occurrence of impulsive noise follows a Poisson distribution, while probability density function (PDF) of impulsive noise amplitude n I (t) follows a Gaussian distribution with zero-mean and variance
A . Let σ 2 W and σ 2 I denote the variance of n W (t) and that of n I (t), respectively. Here, Γ = . Note that higher impulsive noise appears when Γ is smaller value. Assuming that probability of occurrence of impulsive noise follows a Poisson distribution with mean value of A = r i T s , the PDF of Class-A noise amplitude is given as follows:
where r i and T s denote the number of impulsive noise occurrence per unit-time and OFDM symbol duration, respectively. Here,
1+Γ . In Eq. (4) as A increases, the probability of impulsive noise occurrence increases while the magnitude of impulsive noise decreases.
E-SLM for OFDM-PLC System with Impulsive Noise Blanking
e-SLM at the Transmitter Side
The block diagram of OFDM-PLC system using the proposed e-SLM and impulsive noise blanking is shown in Fig. 1 . The proposed e-SLM works so as to minimize the weighted sum of the PAPR of the transmit signal and estimated PAPR of the received signal. We assume that channel state information (CSI) is available on the transmitter side. In the e-SLM, the original data se-
, where X, B u ∈ {0, 1} L , and L denotes the number of subcarriers. The u-th candidate data vector
where ⊕ denotes element-by-element modulo-2 addition. X u is transformed to time domain signal vector.
..,Ĥ L ) denote the estimated CSI. For simplicity of discussion, in this paper, we assume that estimated CSI is ideally informed to the transmitter side. The esti-
where the u-th time domain estimated received signalŷ u can be expressed asŷ u = IFFT[Ŷ u ]. Let P a (a) be a function that outputs the normalized maximum value of elements contained in vector a.
where E[·] denotes the expectation operation and · b represents the b-norm. The transmitter selects the best sequence x = x u which minimizes the weighted sum of peak amplitude of the candidate transmitted signal and its estimated received signal;
where α is the weighting factor which takes non-negative real value between 0 and 1. If α = 1, the proposed system is equivalent to OFDM system using the conventional SLM (i.e., only the peak amplitude of the transmit signal is minimized). On the other hand, if α = 0, the proposed system works so as to minimize only the peak amplitude of the received signal. Note that any OFDM systems using SLM need to send side information to the receiver side to enable the receiver to decode original signal. In this paper, we assume that side information on the selected candidate in SLM is perfectly notified to the receiver side [27] † .
Receiver Signal Processing with Blanking
This subsection explains how impulsive noise blanking is † One of the ways to realize this assumption is to estimate the phase sequence at the receiver side without explicit side information. For example, such SLM methods are investigated in Refs. [28] - [30] . These existing techniques can be also applied to the proposed e-SLM. This means that our proposed method can work with more realistic assumption. Performance evaluation in such cases will be considered for future works. combined with the proposed e-SLM ( Fig. 1(b) ). The impulsive noise blanking is carried out whenever the measured value |r (t)| exceeds a given noise detection threshold A th aŝ Figure 4 illustrates how the proposed e-SLM and blanking jointly work for OFDM-PLC system. When the peak amplitude of the received signal exceeds the blanking threshold A th , the signal amplitude is limited below A th and thus it may degrade the communication quality as in Fig. 4(a) . On the other hand, if the e-SLM reduces the received signal peak amplitude below the blanking threshold value A th , impulsive noise is correctly detected by adopting the blanking threshold as in Fig. 4(b) .
Channel Estimation for e-SLM
The proposed e-SLM needs CSI. In this study, we propose iterative channel estimation (CE) method and evaluate the impact of CE error on the achievable performance of eSLM. Let P(l) and H (l) denote pilot signal and frequency response of PLC channel in the l-th subcarrier. Then, the received pilot is given as R(l) = P(l)H (l) + N (l), where N (l) denotes Class-A noise. Channel estimate at the l-th subcarrier frequencyĤ (l) is given aŝ
Channel frequency response (CFR) is transformed to channel impulse response (CIR)ĥ(t), (0 ≤ t ≤ T s ) by IFFT, where |ĥ(t)| below a given threshold is replaced with 0. To suppress noise, windowing function is applied toĥ(t) (as shown in Fig. 5 ), where for simplicity of discussions, we assume that all of the paths are within the GI interval. In this paper, we employ an adaptive windowing algorithm that control length of the window function adaptively to predictive value of CE error. We summarize the adaptive windowing algorithm as follows:
1. First, initial window length is set to be the same as GI length, and compute the CIRĥ 0 (n) =ĥ(n)w (n), where w (n) given as follows is rectangular window function: 
N W and N GI denote the number of sampling points within the window length and GI length. The initial value of estimated CSIĤ 0 (l), (l = 1, ..., L) is computed by applying IFFT toĥ 0 (n). 2. Set the N W = N GI − i, (i = 1, ..., N GI ) and then compute the CIRĥ i (t), (i = 1, ..., N GI ) and CSIĤ 0 (l), (l = 1, ..., L). Compute the mean square error (MSE) of
3. Compute the amount of variation of the estimated channel by
4. Finally, select the window length
In this paper, we assume that estimated CSI is ideally informed to the transmitter side.
Performance Evaluation
We evaluate the performance of OFDM-PLC system using the proposed e-SLM by computer simulation. Simulation parameters are summarized in Table 1 . The number of subcarriers is set to 64 for mathematical channel model, and 96 for measured channel model. System block diagram is the same as in Fig. 1(a) and the Class-A Middleton noise model is used. We consider two-branch channel model in Fig. 2(a) . In addition, as explained in Sect. 3.2.2, we also evaluate performance of OFDM-PLC system with measured channel characteristics in Fig. 3 . At the receiver, ADC has finite output range and thus impulsive noise amplitude is limited below V max and dynamic range of ADC is set to D R = 13 dB. The number of quantization bits is set to 8.
We evaluate the complimentary cumulative distribution function (CCDF) of normalized instantaneous OFDM signal power. Figure 6(a) illustrates CCDF of the instantaneous power of the transmit and receive signals as a function of weighting factor α when CSI is perfectly estimated, where the number of subcarriers is 64. The number of candidate for e-SLM is U=64, where U is empirically determined as a near-optimum value to achieve the trade-off relationship between achieved PAPR and the computational complexity. In Fig. 6(a) , the instantaneous powers of the transmit signal and the received signal are normalized by the average power of the transmit signal and the average power of the received signal, respectively. The received signal is not affected by AWGN. Thus average transmit signal power is the same the received one (i.e., the transmit signal and receive signal are normalized by the same reference power) † . From this figure, we can confirm that the PAPR of the transmit signals † We assume that channel gain is normalized to 1 and thus the average power of the transmit signal is the same as that of the received signal. is reduced as α increases, while PAPR of the receive signal is increased as α increases. PAPR of the transmit and received signal are reduced equally when α=0.5 is used in the proposed method. PAPR regrowth of the received signal depends on the channel characteristics. In addition, since nonlinear distortion generated at the transmitter side is dependent on the IBO of the amplifier and nonlinear distortion at the receiver side depends on the blanking threshold, we need to select α by various parameters. This figure suggests that PAPR of both transmit and the receive signals can be controlled by adjusting the value of α. Figure 6 (b) illustrates the relation between E b /N 0 of the received pilot signal and CCDF of instantaneous power of the received signals using e-SLM under the influence of channel estimation error. Note that PAPR characteristics in Fig. 6(b) represent PAPRs of the actual received signal, not replica at the transmitter. PAPR reduction performance of the received signal is degraded in low E b /N 0 region because received signal replica is not estimated correctly at the transmitter side due to channel estimation error. Figure 7 shows probability of false alarm (PoF) of impulsive noise detection at the receiver in OFDM-PLC systems. PoF of impulsive noise is defined as a probability that impulsive noise is erroneously detected at time instance when impulsive noise does not exist. Solid line and dotted line show PoF performance in case without and with the proposed e-SLM, respectively. The noise detection threshold A th is normalized by the average power of the transmit signal, where channel gain is normalized to 1 (i.e., the received signal power is the same as the transmit signal in presence of noise). From this figure, it can be seen that PoF performance is improved by applying the proposed method, because received multi-carrier signal amplitude is reduced below the blanking threshold value. Figure 8 illustrates the relation between impulsive noise detection threshold A th and BER in absence of nonlinear distortion at PA, where E b /N 0 = 25 dB. Here, α = 0 and U = 64 are used in the e-SLM. In this figure, the performance of QPSK-OFDM and 16QAM-OFDM is shown, respectively. Dotted line and solid line show the performance with and without the proposed e-SLM, respectively. The label "lower bound" illustrates the case where all impulsive noise is removed perfectly at the receiver side without distorting the received signal. Red line shows the BER performance of the case without the proposed method (w/o PAPR reduction and w/o impulsive noise blanking). From this figure, it can be seen that the proposed e-SLM improves BER performance by mitigating the signal distortion caused by misdetection of impulsive noise. It can be also seen that the proposed e-SLM achieves better BER performance when A th is set to proper level. Figure 9 shows BER performance of PLC system as a function of the amount of IBO, where U = 64 and A th =7 dB are used. E b /N 0 is set to 35 dB. In the proposed e-SLM, α is used to jointly control peak power of the transmit signal and that of the received signal. As explained in Sect. 4.1, if α=1, only peak power of the transmit signal is reduced, while only peak power of the received signal is reduced if α =0. Thus, α should be optimized to minimize the BER. From this figure, it can be seen that BER performance is minimized by using α = 0.4 in case of IBO=4 dB. In this paper, we use α=0.4 as an empirically determined optimum value to minimize BER in case of IBO=4 dB. On the other hand, it is also seen that if IBO is less than 4 dB, the optimum α will be higher than 0.4 to mainly mitigate the influence of nonlinear distortion at the transmitter power amplifier.
Figures 10(a) and 10(b) show BER performance of PLC systems using QPSK-OFDM and 16QAM-OFDM, respectively. Impulsive noise detection threshold is set to A th = 7 dB and U = 64 is used in e-SLM. Dotted line and solid line show the BER performance with and without the proposed e-SLM. For comparison, we also show the ideal case BER performance (black line) where impulsive noise is perfectly removed without distorting the received signal. Red line shows the case without impulsive noise blanking, which corresponds to A th = ∞. Blue line shows the performance of the proposed e-SLM with α = 1.0 which corresponds to the conventional SLM (i.e., reducing only PAPR of transmit signal). These figures show that BER performance is improved by both the proposed e-SLM and blanking. Also, it is clear that the proposed method is effective in mitigating the impulsive noise. This is due to the characteristics of the class A noise model used in this paper. Therefore, there is no need to use blanking in high E b /N 0 region, because the effect of impulsive noise is not dominant. Note that if blanking is not applied to the received signal, BER in low E b /N 0 region degrades. In addition, although the conventional blanking approach can improve the BER in low E b /N 0 region, error floor appears due to nonlinear blanking distortion in high E b /N 0 region, because the high peak amplitude of the received signal causes erroneous detection of the impulsive noise which degrades BER performance. On the other hand, the proposed e-SLM can solve the above problems, simultaneously. This fact implies that overall performance of the proposed method (i.e., e-SLM with blanking) is the best compared with "only blanking" or "without blanking".
To clarify the effect of the adaptive algorithm for channel estimation, the BER performance of PLC-OFDM system with and without the adaptive algorithm over "measured channel II" is evaluated in Fig. 11 , where blanking and e-SLM with α = 0.4 are adopted. Blanking threshold A th is set to 7 dB. For comparison, fixed windowing sizes and ideal channel estimation cases are also shown. In the fixed windowing, the windowing size in Fig. 5 is fixed to N W = 0.2N GI and 0.8N GI , respectively. Note that N W = 0.8N GI is empirically determined fixed window size which approximately achieves the best BER performance. We assume that signal bandwidth is 6.5 MHz (8.5-15 MHz). The best 96 subcarriers are selected for data transmission according to estimated SNR of each subcarrier. From this figure, we can confirm that the adaptive algorithm shows good BER performance comparable to ideal case. In addition, it is clear that the adaptive algorithm achieve the best BER result compared with the fixed windowing case, because the window size can be adaptively optimized so as to minimize the BER. We have also confirmed effectiveness of the adaptive algorithm over measured channel and mathematical channel model.
To clarify achieved BER of the proposed system in more realistic channel environments, we evaluate the BER performance over measured PLC channels in Fig. 12 . The CE in Sect. 4.3 is carried out to estimate CFRs of Fig. 12 and used for estimating the received signal's PAPR at e-SLM. To sim- plify the discussions, we assume that signal bandwidth is 6.5 MHz, while CE is done for 2-28 MHz in Fig. 12 . The best 96 subcarriers are selected for data transmission according to estimated SNR of each subcarrier. Figures 12(a) and 12(b) show the case of measured channel I (15-21.5 MHz) and measured channel II (8.5-15 MHz), respectively. In Fig. 12 , black line shows the BER performance of the case without the proposed method (w/o PAPR reduction and impulsive noise blanking). Red line shows the performance of the case without proposed e-SLM. Green and blue lines show the performance in the case with e-SLM when α = 0.4 and α = 1.0 are used, respectively. Here, the case with α=1.0 is equivalent to case with the conventional SLM. From these figures, it can be seen that the proposed e-SLM improves BER performance by mitigating the signal distortion caused by misdetection of impulsive noise over measured PLC channels.
Conclusion
In this paper, we have proposed an enhanced SLM method that jointly achieves PAPR reduction on the transmitter side and impulsive noise suppression on the receiver side in OFDM-PLC systems. The proposed method selects the best candidate sequence that minimizes the weighted sum of peak amplitude of transmit signal and the estimated one of the receive signal. Simulation results clarified that the proposed method achieves both the improved BER and the reduced PAPR performance of PLC system.
